The effects of increased atmospheric carbon dioxide (COJ of 700jumol mol" 1 and increased air temperature of +4 C were examined in Lolium perenne L. cv. Vigor, growing in semi-controlled greenhouses. Leaf growth, segmental elongation rates [SER), water relations, cell wall (tensiometric) extensibility (%P) and epidermal cell lengths [ECL) were measured in expanding leaves in spring and summer.
Introduction
Atmospheric CO 2 concentration is predicted to rise to 600 /xmol mol ~1 by the second half of the next century and summer temperatures are expected to increase across Europe by 2-5 °C (Houghton et al, 1992) . In temperate western Europe, ryegrasses, such as Lolium perenne are the main component of lowland pasture production and future climate change may affect seasonal leaf growth and the duration of production.
The effects of elevated CO 2 and air temperature on plants have been reviewed by several authors (Idso et al, 1987; Eamus, 1991; Farrar and Williams, 1991; Long, 1991; Rawson, 1992) . Plant development is generally accelerated by increased temperature, (Woodward et al, 1986; Ackerly et al, 1992) , but physiological processes can be very sensitive especially when interacting with other stresses (Paulsen, 1994) . Exposing plants to CO 2 enrichment may have positive, neutral or even negative effects on growth (Rawson, 1992) . Several CO 2 enrichment studies have focused on the growth of selected grasses (Nijs et al, 1988; Ryle et al, 1992; Baxter et al, 1994; Hunt et al, 1995; Gay and Hauck, 1994) or mixtures (Newton, 1991) . To date, elevated CO 2 xair temperature interactive studies have been limited to pasture turves (Newton et al, 1994) , annual plants (Ackerly et al, 1992; Coleman and Bazzaz, 1992) , root crops (Idso et al, 1987) , and summer crops such as cotton and sunflower (Rawson, 1992) . Lolium perenne is known to grow better in the cooler conditions of spring and yet no research has considered how seasonal leaf growth of this species might be controlled at the cellular level under increased CO 2 and raised air temperature.
Temperature regulates biochemical reaction rates and morphogenetic processes in plants and the sensitivity of photosynthetic processes to high temperatures (Paulsen, 1994) may alter plant growth. However, leaf initiation rates and mature leaf shape and size will also depend on the light intensity and daylength in which the plant is grown and nutrition, radiation and the developmental stage of the plant can modify responses to both temperature and CO 2 (Long and Woodward, 1988; Rawson, 1992; Ferris, 1994) . Quantifying effects of elevated CO 2 and air temperature on leaf area development is important as it determines the amount of intercepted radiation which, combined with photosynthetic efficiency, determines productivity (Monteith, 1977) .
The kinetics of cell division and leaf expansion has been reviewed (Arkebauer and Norman, 1995a, b, c) . Elongation rate in grass leaves is a function of both the length of the elongation zone and its segmental elongation rates: both parameters depending on the rate of epidermal cell production and duration of elongation (Schnyder et al, 1990; Skinner and Nelson, 1994) . Contrasting responses suggest CO 2 can stimulate cell production and/or expansion (Radoglou and Jarvis, 1990; Ferris and Taylor, 1994a; Gardner et al, 1995) with no evidence for the interactive effect of elevated air temperature. The biophysical model of Lockhart (1965) can explain the regulation of cell expansion which is co-limited by water influx, cell wall extensibility and yielding, but the importance of each process has come under some debate (Cosgrove, 1993; Passioura and Fry, 1993; Boyer, 1993) . However, several studies of altered environmental variables on plant growth have shown that cell wall extensibility is more important in controlling cell and leaf expansion (Thomas et al, 1989; Woodward and Friend, 1988; Ferris and Taylor, 1994ft; Gardner et al, 1995) although turgor pressure is still necessary for maintaining growth (Boyer, 1993) .
This study aimed (1) to determine the influence of elevated CO 2 , elevated air temperature and any interactions on leaf growth of L. perenne grown in a semicontrolled glasshouse environment during a spring and summer regrowth period, and (2) to identify the cellular mechanisms responsible for any changes in leaf growth rate in particular effects on cell expansion, cell wall extensibility and water relations.
Materials and methods
Plant growth and exposure to elevated CO 2 and temperature Lolium perenne L. cv. Vigor seeds (caryopses) were planted in steamed loamy soil in plastic containers on 11 October 1994 at a density of 6 g m" 2 in 3.72 1 containers (34 cm deep, 11.8 cm diameter) and fertilized with 10 g m~2 N (in NH 4 NO 3 ), 15 g m 2 P (in P 2 O 5 ), and 15 g m 2 K (in K 2 O). They remained in the field during the following winter at the Faculty of Agriculture field site, University of Ghent, Belgium (50°59' N, 3°49' E). In March, 1995, 45 containers were moved to each of four chambers of hybrid design between open-top chambers and closed conditioned greenhouses described in detail in Nijs et al. (1995) . Each 'greenhouse' was covered with 180 fim thick transparent polyethylene; containing 14% vinyl acetate for reinforcement which transmitted ±80% of the UV-B (280-320 nm) in natural sunlight as well as most of the UV-A wavelengths. Each unit was fed with filtered temperaturecontrolled outside air and the containers were placed on an exposure table (2.75 x 1.45 m) inside each greenhouse. The table was an aluminium cabinet designed to convert the horizontal air stream, produced by the air-conditioning unit, into a homogeneous upward flow of well-mixed air to the plants. A perforated plate and horizontal and vertical deflectors distributed the vertical air stream uniformly, producing the necessary homogeneity of windspeed over the surface of the exposure table to minimize environmental gradients. Transparent acrylic shields around the exposure table minimized the influx of 'false' turbulent air into the air column. Elevated CO 2 concentrations were maintained by the injection of a constant flow of pure CO 2 in the air-conditioning cabinet. The treatments were as follows:
Control: field conditions of CO 2 concentration and air temperature continuously tracked; Temp:
increased air temperature at +4°C above ambient; CO 2 : elevated CO 2 concentration at +700 ^mol CO 2 mol" 1 air; CO 2 x temp: a combination of elevated temperature and CO 2 .
On 6 April, 1995, stands were cut back to 3 cm height (stubble layer left intact) and swards were then cut on 15 May, 16 June, 14 July, and 17 August. Pots were arranged to form a closed canopy and irrigated each day with a trickle system (one drip tube per container) which maintained field capacity. After clipping, the harvested material was removed and the remaining 3 cm high stubble layer was refertilized with 13.0 g m" 2 of N, 3.18 g m~2 of P and 10.61 g m~2 of K on 15 May (generative period) and 9.0 g m~2 of N, 2.2 g m~2 of P and 7.35 g m~2 of K after all other cuts.
The microclimate in the chambers was recorded at 10 min intervals with a datalogger DL2 (Delta-T, Burwell). Sensors were: air temperature-copper-constantan thermocouples (Honeywell, Washington, USA); relative humidity-macropolymer humidity sensors (RH-8 (General Eastern, Watertown, Maine, USA); photosynthetically active radiation-quantum sensors with gallium arsenide photodiode (Pontailler, 1990) ; CO 2 concentration-absolute infrared CO 2 analyser SBA-1 OEM (PP-Systems, Herts., UK). There was no additional illumination so the stands were cultivated under normal daily and seasonal light fluctuations. Relative humidity (RH) was slightly reduced compared to field values (8% on average). PPFD in the field calculated over a 16 h day (n=1254) was 415.2 ftmol m" 2 s~' in spring and 639.5 /^mol m~2 s" 1 in summer and values in the chambers were on average 15-18% lower with no significant differences observed between chambers. The average (±SD) day-time CO 2 concentrations were 371 ±22 fjjno\ mol" 1 in the ambient CO 2 treatments and 701.3±72 fimol mol" 1 in the elevated CO 2 treatments (TI = 2221). At night the CO 2 concentrations rose by c. 20% because the field air concentration increased due to respiration. During the measurement period the average difference in temperature between the ambient and increased temperature treatments was 3.77 °C (n = 6580) in spring and 4.10°C (/i = 5064) in summer. Average air temperatures were spring: 13. 2, 13.0, 16.8, and 17.1 °C and summer: 21.4, 21.7, 25.1, and 25 .9 °C in Control, CO 2 , Temp, and CO 2 x temp, respectively.
Measurements of leaf growth, segmental elongation rate and epidermal cell lengths
Ten tillers in each treatment (one per pot) were selected (growing leaf approximately the same length) and labelled prior to cutting dates 15 May and 14 July. This allowed greater synchronization for second and subsequent leaves developing. Leaf length and breadth were measured every 3 or 4 d on the first, second and third leaf of each tiller over 38 d (data for second leaves shown). As a reference point, leaf length was measured down to the cutting line of 3 cm above the soil surface (observed from old sheaths of previous growing periods that do not grow again: only the sheath of the leaf produced before the growing leaf can elongate). Leaf breadth was estimated from measurements at the tip, middle and base of the leaf and leaf area was calculated from length x breadth. A coefficient of determination of 0.98 was obtained for regression of length x width (mean of three positions) on leaf area measured with a photoelectronic planimeter. Leaf shoot dry weight (SDW), excluding stubble, of 15-20 pots was determined after cutting and drying tillers for 48 h at 80 °C. Specific leaf area (SLA) was estimated from the lamina area and SDW of 20 tillers sampled after the April and August cut. The extension zone of expanding second leaves 15-18 d after cutting was determined by piercing minute holes with a fine needle (c. 0.2 mm) dipped in india ink through the stem of the intact plant at 2 mm intervals above the leaf base for 20 mm (Kemp, 1980; Thomas et al, 1989; Schnyder et al, 1990) . In each treatment 15-20 tillers grew for a further 3 d, when the outer sheaths were removed and the position of the holes in the leaf determined and absolute segmental elongation rates (SER) calculated. The maximum extension zone was between 2-10 mm from the leaf base.
Fifteen days after cutting, expanding second leaves were excised and a layer of nail varnish painted on to the lowermost 40 mm of the abaxial surface of the leaf lamina. When dried, sellotape was placed over the varnish, peeled off with the epidermal imprint and placed on to a microscope slide. The length of three epidermal cells per 10 leaf imprints (30 cells) was measured at 1 mm increments from the base of the leaf to 10 mm, and at 2 mm increments to 30 mm using a Zeiss microscope at x 400 magnification.
Water relations (water potential, solute potential and turgor pressure)
Average total leaf if> was measured on expanding second leaves (average 60 mm length) in May and July after 10-12 d of growth following cutting using the technique adopted by Chardakov (1948) . After rapid excision and removal of sheaths, leaves were immersed in tubes containing a series of sucrose solutions of known molarity (0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 M) lightly coloured with methylene blue. After exposure for 30 min, drops of coloured solution were transferred with a micropipette to colourless solutions of the same initial concentration. A drop that neither sank nor floated indicated \ji of the test solution had the same concentration as the tissue. Each series of sucrose solutions was replicated four times per treatment. Similar-sized growing leaves were sampled into humidified bags and morning \j> was also measured using a pressure bomb (Scholander et al, 1965) . Elastic impression material maintained an additional seal around the grass in the chamber and a magnifying glass was used to observe the formation of a water droplet at the cut tissue surface. Corresponding measurements of leaf solute potential (i/ijwere taken on the same leaves using dewpoint thermocouple hygrometers attached to a Wescor HR 33-T dewpoint microvoltmeter (Ferris and Taylor, 19946) . A 2 mm section of tissue cut from the basal 10 mm of leaf, was frozen for 10 min, thawed and returned to the psychrometers for 30 min. Relative turgor pressure (P) is shown derived from </ i (pressure bomb)-^, values obtained. Values of i/i, are reported uncorrected for dilution of sap with apoplastic water.
Cell wall properties, plasticity and elasticity
Expanding second leaves were excised (on the same day and from the same pots as for i/> measurements) and stored in methanol. Young leaves were rehydrated for 20 min in distilled water. Unfolded leaves were placed on graph paper covered by a glass plate and 1 x 6 mm longitudinal sections of tissue were cut from 2 mm above the leaf base (zone of cell expansion). Using an Instron apparatus (Taylor and Davies, 1985; Ferris, 1994) , leaf strips were attached by miniature brass clamps and stretched twice and results expressed as percentage plasticity (%P, % irreversible extension per 10 g load), and percentage elasticity (%E, % reversible extension per 10 g load). Leaf sections were oven-dried at 85 °C for 48 h and weighed on a microbalance so that values of %P and %E could be corrected for any differences in weight: however, no significant differences occurred.
Statistical analysis
A general linear model (GLM) analysis of variance (ANOVA) with CO 2 , temperature and time as fixed factors or ANCOVA (analysis of covariance) with time as a covariate or two-way ANOVAs were performed on the data (see legends) using the statistical software Minitab 8.1 (Minitab Inc.). Data were tested for normality and homogeneity of variance before applying the tests (Sokal and Rohlf, 1981) . LSDs are shown for cell length data at 30 mm.
Results

Leaf growth and dry weight
Figure la-c clearly shows leaf growth rate in spring (i.e. the slope) was initially promoted in elevated CO 2 and elevated CO 2 x temperature up to 15 d after cutting. In elevated CO 2 alone more rapid growth between 15-25 d resulted in greater final leaf length, breadth and area after 38 d. ANCOVAs show significant CO 2 and time effects on all leaf parameters (P<;0.01) with a doubling of mature leaf area in elevated CO 2 . The significant CO 2 x time interaction on leaf breadth (Fig. lb) shows the CO 2 enhancement effect was greater at the start of the regrowth period than at the end. A significant temperature x time effect on all parameters (Fig. la-c) shows that, in high temperature, extension growth was promoted at the start of the regrowth period, but leaf parameters were smaller towards the end relative to the controls. In all treatments, the approximate duration of growth was c. 25 d (Fig. la-c) . Figure Id (Fig. le, f) : leaf breadth and area were smaller in elevated CO 2 (P<0.05). The significant temperature x time interaction on leaf length and area shows leaf size declined from day 15. ANCOVA revealed time over all treatments had a highly significant effect on the variable SDW (P<0.001; Fig. 2 ). ANCOVA showed significant CO 2 x time and temperature x time interactions on SD W. SDW was reduced in spring, but increased in elevated CO 2 over the summer (Fig. 2) . In high temperature, SDW was reduced and this reduction was greater in the summer as compared to spring. In CO 2 x temperature, SDW decreased, only increasing in mid-July (not significant). ANOVA (Fig. 3) shows significant main effects and a CO 2 x time interaction on SLA which decreased with CO 2 enrichment and elevated air temperature compared to controls. In both high CO 2 treatments a greater reduction in leaf SLA occurred in summer. Summer leaves in ambient CO 2 or increased air temperature had higher SLA in contrast to their respective treatment in spring leaves. Figure 4 shows segmental elongation rates (SER) for growing (a) spring and (b) summer leaves of L. perenne. SER were almost zero in the region of cell division at 1 mm above the point of leaf attachment, increasing rapidly as cells were displaced away from the cell division zone, and declining 6 mm from the base. In spring, highest leaf SER occurred in elevated CO 2 and CO 2 x temperature, whilst SER of summer leaves decreased in both high CO 2 treatments. Two-way ANOVAs on spring and summer data showed significant CO 2 effects on average total extension rates (mm d" 1 ) calculated over 20 mm: in the elongating regions these were 5.4 mm d" 1 for spring leaves in elevated CO 2 , relative to 2.8 mm d" 1 for those in ambient CO 2 (Fig. 4a ) and 2.8 mm d
Spatial distribution of elongation and epidermal cell lengths
-1 for summer leaves in elevated CO 2 relative to 5.0 mm d^for those in ambient CO 2 (Fig. 4b) . Figure 5a , b shows that rapid cell elongation was confined to the basal 10-20 mm of the leaf with shorter cells located nearest the meristem. Two-way ANOVAs (30 mm) showed significant effects and interactions on ECL. In spring leaves (Fig. 5a ) ECL increased in elevated CO 2 alone, but in summer leaves (Fig. 5b) , ECL decreased in contrast to each control. ECL decreased in high temperature in both seasons (Fig. 5) , but with increasing distance from the leaf base, ECL was similar to the controls in spring leaves. A CO 2 x temperature interaction reduced the positive CO 2 response in spring leaves and the negative effect of CO 2 and temperature alone at 30 mm from the base.
Cell wall rheological properties and water relations
The ANOVA under Fig. 6 shows significant CO 2 and temperature effects and four significant interaction effects on %P, but no main effects or interactions on %E. For spring leaves %P was higher in elevated CO 2 whilst in summer %P was lower. In both seasons, leaf %P decreased in elevated air temperature relative to each respective control, but mean %P was higher for summer leaves. ANOVAs (Table 1) showed a significant time and CO 2 x time effect on P and </«, . In spring P increased in both high CO 2 treatments whilst in summer values of P were similar to the control. In both elevated CO 2 treatments I/I, was lower in spring but higher in summer as compared to the control. Water potential (pressure bomb) showed no significant treatment differences whilst </ i (Chardakov technique) was higher in summer leaves as compared to spring leaves irrespective of treatment.
Discussion
This study has shown that exposure to elevated CO 2 and temperature and CO 2 x temperature can have different effects on leaf area development depending on the season of growth (Fig. 1) . For expanding leaves, a mean total leaf extension rate of 5.4mm d" 1 in elevated CO 2 in spring was reduced to 2.8 mm d" l in summer and mature leaf area was increased and reduced, respectively (Figs 1,  4) . In ambient conditions, total leaf extension rate and final leaf size increased in summer as compared to spring (Figs 1,4) . Reduced growth in summer in both elevated CO 2 treatments could have some underlying indirect physiological response due to lack of vernalization or to an altered leaf area index and subsequent change in light quality inside the canopy. A more direct and plausible explanation could be due to the removal of more apical and intercalary meristems following cutting (Chapman and Lemaire, 1993) since apex rise (generative or stem growth) occurred earlier in the high CO 2 treatments in spring, particularly in high CO 2 alone (R Ferris, personal communication). Increased SER and final leaf area of the control plants in summer is probably because many temperate grasses grow best at an optimum temperature of about 20 °C and in this study, average summer air temperature in the control chamber was ±21.4°C.
Several studies have suggested that ryegrass could be a rather poor CO 2 responder (Overdieck et al, 1984; Ryle et al, 1992) . In contrast, Newton et al. (1994) concluded from a L. perenne/Trifolium repens sward that in elevated CO 2 , L. perenne was dominant in the cooler seasons, but high CO 2 enhanced the decline of L. perenne and promoted T. repens at higher temperatures. In this study, a 2-fold increase in SERs and subsequent leaf area in spring in elevated CO 2 could protect it from increased competi- Mean values derived from 4-6 measurements arc shown as are the results of a three-way ANOVA (General linear model) conducted separately on the solute potential, relative turgor pressure and water potential data. Where ANOVA identified significant treatment effects or interactions asterisks are used: *, PsO.05; **, P^O.01; *•*, /"SO.OOI; ns, not significant.
•Calculated from water potential values (pressure bomb) tion by strong CO 2 responders in a mixed sward in the warmer seasons. In spring, increased air temperature alone initially accelerated leaf extension, but maturity came earlier in contrast to the control leaves, limiting final leaf size (Fig. lc) . This is not uncommon because, although plant organs develop faster at higher temperature, they are often smaller (Rawson, 1992) . Idso et al. (1987) showed that stimulatory effects of CO 2 enrichment were temperature-dependent but, in the present study, although early extension growth was promoted in spring and reduced in summer, ANCOVA showed no significant CO 2 x temperature x time interactions on leaf extension. Although not measured, increased SDW (Fig. 2 ) in elevated CO 2 in mid-June may also be the result of more tillers. Nijs et al. (1993) found tiller numbers per plant in elevated CO 2 were increased in early spring and decreased in summer whilst Ryle et al. (1992) found no effect of CO 2 on tiller number of L. perenne growing in growth chambers. In this study, leaf initiation rate was higher in elevated CO 2 and in elevated CO 2 x temperature in spring leaves, but in summer it declined relative to the controls (not shown). Reduced SDW and leaf area in high temperatures could be a consequence of higher photorespiration (Robson, 1981) depleting the carbon pool. Whilst rates of metabolism usually limits growth at low temperature, at high temperature the rate of photosynthesis and non-structural carbohydrate concentration may be limiting growth.
Increased temperature changes the relative solubility of the gases and the kinetic constants of Rubisco so that oxygenation of RuBP is favoured relative to carboxylation. CO 2 -enrichment increases carboxylation relative to oxygenation, tending to counteract effects of temperature increases. Since the effect of elevated CO 2 increased competitive inhibition of oxygenation and, hence, photorespiration, the proportionate increase in photosynthesis resulting from elevated atmospheric CO 2 will rise with temperature (Long, 1991; Lewis et al, 1994) . However, simulations of the interaction of these two climate change variables on photosynthetic productivity have invalidated conclusions based on their individual effects and suggest that elevated CO 2 may alter both the scale of carbon gain and direction of response to rising temperature (Long, 1991) . Clearly this study shows that the CO 2 x temperature enhancement theory for CO 2 fixation does not necessarily mean that growth and productivity will respond in the same way. Ackerly et al. (1992) and Lewes et al. (1994) reached similar conclusions from an elevated CO 2 x temperature study on growth of annuals and perennials, respectively. Reduced SLA (Fig. 3) is the common response to CO 2 and may have been due to an increase in non-structural carbohydrate (i.e. starch) or more cell layers or both. Ryle et al. (1992) found no effect of elevated CO 2 alone on leaf area of L. perenne, but an increase in SD W and thus SLA was lower. The high SLA (Fig. 3 ) of summer leaves in ambient CO 2 and high temperature may be due to increased leaf growth with no increase in cell number (R Ferris, personal communication) . Farrar and Williams (1991) concluded that plants in high temperatures have less storage carbohydrate whilst in high CO 2 , they have more.
This study clearly provides evidence at a mechanistic level to explain contrasting effects of COj and temperature on leaf extension in spring and summer. Recent studies have suggested that changes in cell wall properties rather that P are important for changes in leaf growth. This includes studies in elevated CO 2 (Ferris and Taylor, 1994/>; Gardner et al, 1995) , drought (Davies and Van Volkenburgh, 1983) , altered photoenvironment (Taylor and Davies, 1985) , and low temperature (Thomas et al., 1989) . No effects of elevated temperature on leaf cell wall properties have been reported, but Thomas et al. (1989) exposed L. temulentum to reduced temperature and found that reduced cell expansion was associated with a reduced elastic modulus and Woodward and Friend (1988) found in Poa species reduced leaf extension with decreasing temperature was linked with reduced cell plasticity. In the present study, leaf area of L. perenne in spring was stimulated in elevated CO 2 alone and clearly linked to increased SER, cell expansion and %P whilst reduced leaf growth in elevated temperatures was linked to reduced SER, cell size and %P (Figs 4, 5, 6 ). The interactive CO 2 x temperature x time response on %P shows leaf growth, cell expansion and %P were promoted in spring and reduced in summer relative to the respective controls. These mechanistic explanations may not be the same for all species as Ferris and Taylor (1994a, b) showed in a study of the effects of CO 2 on the growth of four perennial herbs. The hypothesis that cell wall loosening enzymes such as XET (xyloglucan endotransglycosylase) are responsible for changes in cell wall rheology have been suggested in several growth studies including in response to elevated CO 2 (Taylor et al., 1994; Ranasinghe and Taylor, 1995) . It is possible that they may alter with elevated CO 2 and air temperature in the present study especially as enzymes are very sensitive to temperature.
Average cell size of fully grown leaves increased in elevated CO 2 in spring and epidermal cell numbers per leaf also increased (R Ferris, personal communication) suggesting that the larger leaves were the result of a stimulation of cell expansion and production. Gardner et al. (1995) , found in mature leaves of Populus that there was no effect of CO 2 on cell size even though in expanding leaves cells were larger: the authors also suggested that increased final leaf area might be due to increased cell expansion and production. Ranasinghe and Taylor (1995) studied the effects of elevated CO 2 on Phaseolus vulgaris when cell division and expansion were separated temporally: during the cell division phase, epidermal cell number increased whilst cell size and leaf area decreased. Increased carbon in elevated CO 2 may indirectly affect the plant cell cycle, an hypothesis already suggested (Taylor et al., 1994) , as well as cell growth and development so that cell production and expansion are stimulated.
In this study there was no effect of CO 2 or temperature on total leaf </ « (Table 1 ). In contrast, Kirkham et al. (1992) found for a C 3 and C 4 grass leaf </ i increased in elevated CO 2 . Total leaf ip measured by the Chardakov technique suggested an overall decline in summer as compared to no difference using the pressure bomb. It is possible physiological differences in </ < may occur along an expanding leaf blade and thus direct measurements of I/I with a miniaturized pressure probe or psychrometers in Elevated CO 2 and temperature 1041 the expanding region (Woodward and Friend, 1988) might be useful in further studies. Some studies have shown that with rapid cell expansion and increased wall loosening, P is reduced (Taylor and Davies, 1986; Gardner et al., 1995) . In the present study, P was greater in the elevated CO 2 treatments in spring which agrees with other reports that elevated CO 2 might lead to increased P as a result of reduced stomatal conductance (Tyree and Alexander, 1993; Ferris and Taylor, 1994ft, 1995) . Both increases in %P and P occurred in S. minor in elevated CO 2 (Ferris and Taylor, 19946) . In the present study, lower </ >, in spring in elevated CO 2 is consistent with several studies and suggests the plants were accumulating solutes whilst higher ifi, in the summer leaves may be linked to reduced growth rate resulting in a lower demand for osmotic solutes. This hypothesis is supported by the fact that in high temperatures leaf extension was enhanced in summer and </ «, was reduced in contrast to their spring counterparts (Table 1) . Thomas et al. (1989) argued that if transport of osmotica into the cell or generation of solutes by hydrolysis was not diminished at lower growth rates, P would increase.
These results have identified cellular mechanisms to explain changes in leaf extension in this study. The seasonal growth responses also have important implications for the future of pasture productivity and management of L. perenne in a higher CO 2 and warmer environment as well as the potential of breeding programmes for the selection of new cultivars. Considering the phenotypic characteristics of the grass in this study, cutting regimes might increase in spring in order to counteract the effects of global warming. However, an earlier study in 1992 showed that even with more frequent cutting in spring (to profit from faster growth) in the high temperature chambers (Nijs et al., personal communication) , annual productivity declined. One might speculatively conclude that the growing season may be prolonged but whole-season productivity may become more variable than today. Perhaps more frequent climatic extremes will add some additional risk.
